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論 文 内 容 要 約 
Magnetic properties of C38-type Mn-based intermetallic compound films for spintronic applications 
 
Chapter 1 Introduction 
Along with the rapid progress of Internet of Things (IoT) society, the researches and developments of memories are attracting great 
interests. Spin transfer torque magnetoresistive random access memory (STT-MRAM) is one of the candidates which is expected to 
be widely used in near future. Compared with the presently used memories such as static random access memory or dynamic random 
access memory, STT-MRAM possesses several advantages such as non-volatility, high writing endurance, small cell size, fast 
read/write time and so on. The ideal materials used for fabricating the free layer of magnetic tunnel junction (MTJ), which is the core 
of STT-MRAM, are generally expected to exhibit perpendicularly magnetized magnetic materials with high magnetic anisotropy 
energy (Ku), low saturation magnetization (Ms) and a relatively small Gilbert damping constant α. In addition, the (001)-orientation of 
the crystal plane is preferred for the MgO tunneling barrier based MTJs showing large tunnel magnetoresistance effects. Based on the 
above considerations, the C38-type Mn-based intermetallic compound films are focused in this thesis. There are two typical C38-type 
Mn-based intermetallic compounds showing perpendicular magnetization: MnAlGe and MnGaGe. The Ku of about 5 × 106 erg/cm3 
and Ms of about 300 emu/cm3 were reported for the MnAlGe bulk and film samples. On the other hand, although Ms of 215 emu/cm3 
was reported for a MnGaGe bulk sample, the crystal structures and magnetic properties, especially perpendicular magnetic anisotropy 
(PMA) of MnGaGe films had not been investigated before. In this thesis, the crystal structures and magnetic properties of epitaxially 
grown and (001)-textured MnGaGe films were studied extensively and quantitatively. In particular, the composition dependence of 
PMA in MnGaGe and (Mn-Cr)GaGe films for the enhancement of Ku was systematically clarified, and the mechanism of PMA in 
MnGaGe and (Mn-Cr)GaGe was discussed. 
 
Chapter 2 Experimental Procedures 
  All the metal layers were deposited by an ultrahigh vacuum sputtering system with a base pressure under 4 × 10-7 Pa, and the MgO 
capping layers were deposited by an electron beam evaporation instrument. Mn-Ga, Cr-Ga, and Ge targets were used to fabricate 
MnGaGe and (Mn-Cr)GaGe films by a co-sputtering technique. The chemical compositions of Mn, Cr and Ga were controlled by Ar 
gas pressure during the sputtering process, and that of Ge was controlled by the input power for the sputtering cathode. After the 
deposition process, samples were annealed in a vacuum furnace. The annealing temperature (Tanneal) was varied from 200 to 500 ºC. 
Electron probe micro-analysis and energy dispersive X-ray spectroscopy were carried out to determine the chemical composition 
ratios, X-ray diffraction (XRD) measurements and scanning transmission electron microscopy (STEM) observation were 
implemented to figure out the crystal structures. A vibrating sample magnetometer and a superconducting quantum interference 
device were utilized to measure the magnetic properties of MnGaGe films. 
 
  Chapter 3 Crystal structures and magnetic properties of MnGaGe films 
  Firstly, the chemical composition dependence of MnGaGe films was investigated. Five series of samples were deposited on MgO 
(001) substrates directly. The chemical compositions were as follows: Mn26Ga23Ge51, Mn28Ga38Ge34, Mn30Ga26Ge44, Mn33Ga36Ge31 
and Mn35Ga32Ge33 (at.%). All samples were capped by 2-nm-thick MgO and 5-nm-thick Ta layers. As shown in Figure 1, the series of 
00l peaks (l: 1, 2, 3, and 4) of the C38-phase were observed clearly in the XRD profiles for all the films after annealing. Among the 
samples, the Mn33Ga36Ge31 films exhibited the series of 00l peaks (l: 1, 2, 3, and 4) peaks only. However, other samples also exhibited 
110 and 220 peaks, indicating that both crystal components of the c- and a-planes were oriented to the film plane direction. Through 
the magnetization measurements, the films were found to exhibit perpendicular magnetization after the annealing process when the 
concentration of Mn is larger than 33 at.%. Especially, as shown in Figure 2 (a), the Mn33Ga36Ge31 film annealed at 500 ºC exhibited 
Ms of 263 emu/cm3 and Ku of 8.1 × 106 erg/cm3 at room temperature (RT) with the layer thickness of 100 nm. 
Secondly, Mn33Ga36Ge31 layer thickness dependence was investigated for the films deposited on MgO (001) substrates. In the XRD 
profiles, the series of 00l peaks (l: 1, 2, 3, and 4) of the C38-type structure were observed clearly for all the films after annealing, and 
no 110 or 220 peaks appeared. Concerning the rocking curves of the 002 peaks, the shapes of all curves were the superpositions of two 
peaks. The reason is considered to originate from the large fluctuation of (001) orientation, as it was also observed in STEM images 
for the 100-nm-thick sample. Although Ku decreased with the decrease of the layer thickness, the minimum Ku was still larger than 5 × 
106 erg/cm3 for the thickness of 10 nm. On the other hand, the squareness of magnetization curves, Mr/Ms, was less than 0.6 for all the 
Mn33Ga36Ge31 films, where Mr is the remanent magnetization value.  
Furthermore, the crystal structure and magnetic properties of MnGaGe layer on thermally oxidized Si substrates were investigated. 
Only the series of 00l peaks (l: 1, 2, 3, and 4) from the C38-type structure appeared in the XRD profiles for the annealed 
Mn33Ga36Ge31 films deposited on thermally oxidized Si substrates, indicating that high-(001) orientation of the Mn33Ga36Ge31 layer 
was fabricated also on the thermally oxidized Si substrates. As shown in Figure 2 (b), after annealing at 500 ºC, Ms of 265 emu/cm3 
and Ku of 8.6 × 106 erg/cm3 were observed at RT for the 100-nm-thick Mn33Ga36Ge31 film deposited on the thermally oxidized Si 
substrate. The values of Ku for the epitaxially grown and the textured Mn33Ga36Ge31 films are larger than those of other C38-type 
intermetallic compounds reported previously. 
      
 
 
   
Chapter 4 Buffer layer dependence of the crystal structures and magnetic properties for MnGaGe films 
  The stacking structure was as follows for the study of buffer layer dependence: MgO sub./buffer layer/ Mn33Ga36Ge31 (100 nm)/ 
MgO (2 nm) / Ta (5 nm). Four kinds of buffer layers were selected: Cr (60 nm), Cr (60 nm)/MgO (2 nm), Cr (60 nm)/Pt (5 nm) and 
Cr (20 nm)/Ru (40 nm). The Cr/MgO hybrid buffer layer samples exhibited (001)-orientation, and neither 110 nor 220 peaks appeared 
in the XRD profiles. For the other buffer layer samples, both (001)- and (110)-components of diffraction peaks were observed. In the 
magnetization measurements, the Cr/MgO and the Cr buffer samples exhibited perpendicular magnetization, as shown in Figure 3. 
The maximum Ku of the Cr/MgO and Cr buffer samples were 5.6 × 106 and 2.8 × 106 erg/cm3, respectively. The Cr/Pt and Cr/Ru 
buffer samples exhibited in-plane magnetization. By utilizing the Cr/MgO buffer, the orientation dispersion reduced, and the 
squareness of magnetization curves improved. Possible mechanism for the merit of the Cr/MgO buffer was discussed from 
viewpoints of (1) relaxation of the strain energy in the unit cell relating to the lattice mismatch and (2) the amounts of inter-diffusion 
between the buffer materials and the MnGaGe layer. 
Figure 1 The XRD profiles for the Mn-Ga-Ge films deposited on MgO (001) 
substrates directly. The thickness of Mn-Ga-Ge layers is 100 nm. Tanneal was 400 °C. 
Marks “*” and “?” represent diffraction peaks from the substrates and unknown 
peaks, respectively. 
Figure 2 The magnetization curves of Mn33Ga36Ge31 
films deposited on (a) MgO (001) substrate and (b) 
thermally oxidized Si substrate. Tanneal was 500 °C. 
    
 
Figure 3 The magnetization curves of Mn33Ga36Ge31 films deposited on the (a) Cr/MgO and (b) Cr buffer layers. Tanneal was 400 and 300 °C, 
respectively. 
  Chapter 5 Magnetic properties of Cr-substituted MnGaGe films 
  The mechanism of high Ku in the C38-type MnGaGe and (Mn-Cr)GaGe intermetallic compound was discussed based on the 
density of states calculated by the first principles calculation. Unlike the magnetic materials with heavy element(s), the high Ku of 
MnGaGe is considered to originate from the orbital hybridization effects. When a part of Mn atoms is substituted with Cr atoms, the 
number of projected density of states of occupied  - unoccupied  states decreased. Because this pair makes contribution 
to in-plane magnetic anisotropy energy, Ku is expected to be enhanced by Cr substitution. 
  In order to verify the calculation results discussed above, four series of samples were deposited on thermally oxidized Si substrates 
as follows: Mn34Ga34Ge32, Mn27.8Cr5.5Ga32.7Ge34, Mn22.5Cr11Ga32.5Ge34 and Mn17.7Cr15.6Ga33Ge33.7. All the samples were capped by 
2-nm-thick MgO and 5-nm-thick Ta layers. Through the magnetization curves measured at RT and 20K, we found that the maximum 
values of Ms and Ku were achieved in the film with Cr 5.5 at.%. The experimental results above demonstrated a possibility for the 
enhancement of Ku by the Cr substitution. 
 
  Chapter 6 Conclusions 
  Epitaxially grown and (001)-textured MnGaGe films showing perpendicular magnetization with large Ku were successfully 
fabricated onto MgO (001) single crystal substrates and thermally oxidized silicon substrates. The values of Ku were approaching to 
107 erg/cm3 at RT for the epitaxially grown and (001)-textured Mn33Ga36Ge31 films. For the epitaxially grown Mn33Ga36Ge31 films, the 
crystal structures and magnetic properties were improved successfully using the Cr/MgO hybrid buffer layer. The mechanism of PMA 
in the C38-type MnGaGe and (Mn-Cr)GaGe was discussed, and from the experimental results, the Cr-substitution was proposed as a 
method to enhance the PMA. The above research achievements are expected to contribute to the research and development of 
STT-MRAM in the near future. 
 
